Single amno acids were found to be highly toxic to protoplast-derived cells of tobacco (Nicotiana tabacum cv Xanthi) cultured at low density in a culture medium containing a low naphthaleneacetic acid concentration (0.05 micromolar). The cytotoxicities of alanine, aspartic acid, asparagine, glutanic acid, glutamine, glycine, lysine, proline, and valine were reduced when the naphthaleneacetic acid concentration of the culture medium was increased to I micromolar. This selective modification of amino acid toxicity by naphthaleneacetic acid could not be correlated with modifications of uptake rates or incorporation of these amino acids into protein or amino acid-auxin conjugates. A mutant clone resistant to high naphthaleneacetic acid concentrations and affected in root morphogenesis did not display, at the cellular level, the naphthaleneacetic acidmediated modification of amino acid cytotoxicity.
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Amino acid toxicity is a well-known phenomenon, studied in whole plants, isolated organs, or cell suspension cultures (3, 14, 15, 20, 23, 24) . Plant cell culture offers the opportunity to study this phenomenon at the cellular level under controlled conditions. Previous studies of amino acid toxicity in tobacco cells gave controversial results. Amino acid toxicity in tobacco cell suspension cultures has been thought to result from the inhibition by amino acids of the first steps of nitrogen metabolism, especially of NR' activity (3, 14) . However, toxicities of valine and of the mixture lysine plus threonine, in tobacco P-cells, have been shown to be due to specific inhibition of the biosynthesis of related amino acids-respectively, isoleucine and methionine (5, 6)-and not to an inhibition of NR activity (19) .
One ofthe most important differences between cell suspension and P-cell cultures is the hormone concentration of their culture media. Suspension culture media contain high auxin/cytokinin ratios to prevent clumping, whereas P-cells are generally grown in the presence of low auxin/cytokinin ratios which favor low density growth. In this study, we describe the relationship between auxin concentration of the culture medium and amino acid metabolism of P-cells, cultured at low density. 
MATERIALS AND METHODS
Plant Material, Media, and Culture Conditions. Mesophyll protoplasts were prepared from diploid plants of Nicotiana tabacum (cv Xanthi) and cultured in medium To at a cell density of 7 x I04 protoplasts/ml as previously described (1 1). The same procedure was used to obtain protoplasts from the leaves of the auxin-resistant tobacco clone 36. This mutant clone was obtained after UV-irradiation of haploid protoplasts and selection on a medium containing high NAA concentration. Because mutant plantlets were unable to root, they were grafted on tobacco plants (N. tabacum cv Wisconsin 38) (21; manuscript in preparation).
After 4 d ofculture in the dark at 26C, the P-cells were washed in nitrogen-and auxin-free medium C (22) . Cells were then diluted to low density (102 divided cells/ml) in glutamine-free medium C containing modified mineral nitrogen sources: medium Cl contains 5 mM diammonium succinate and 5 mM KCI, and medium C2 contains 10 mM KNO3, instead of the normal 5 mM NH4NO3 and 15 mM KNO3 of medium C. The auxin and amino acid concentrations of the media depend on the experiment.
After 3 weeks, colonies visible to the naked eye were scored (9) . The plating efficiency (number ofcells growing into colonies) is expressed as the percentage of the number of plated P-cells and the relative plating efficiency as the percentage ofthe number of colonies growing in the control.
Protein Determination. Protein measurements were made according to the method of Bradford (7). Aliquots (1 ml) of cell suspension were sonicated for 1 min with the microtip of a Branson B 15 sonicator (30% of maximal output), then 20 ,ul of 0.1 N NaOH was added 5 min before centrifugation at 1 700g for 5 min (17) . The 'Bio Rad Protein Assay' (Bio-Rad Laboratories) was used for the determination of the supernatant protein concentration, with serum albumin as a standard, Optical densities were measured at 595 nm with an automatic densitometer (micro-ELISA autoreader, Dynatech).
Determination of Nitrate Reductase Activity. P-cells were cultured at high density (104 divided cells/ml) in medium C2 containing nitrate as the sole nitrogen source. In these culture conditions, cells were growing 2 or 3 weeks and the NR specific activity was maximum in the middle of the growth phase (19) . Just before the maximum ofNR specific activity (approximately 8 d after subculture), NAA was added, and NR activity was measured 48 h later. A procedure adapted from Ferrari et al. (12) was used to measure in vivo NR activity. Cell colonies were harvested, washed by centrifugation in a saline osmoticum (160 mM KCl, 7 mm CaCl2), and resuspended in 4 ml of the same osmoticum. An aliquot of 0.2 ml of cell suspension was added to 0.8 ml of 50 mm K-phosphate (pH 7.5), containing 10 mm KNO3 and 1% (v/v) 1-propanol. The mixture was then flushed with N2 gas for 2 min and incubated 30 min at 25°C. The reaction was stopped and nitrite synthesis measured as previously described (19) . NR specific activity is expressed as nmol NO2-/ min* mg protein and growth is expressed as protein quantity (mg protein/105 plated cells).
Amino Acid Uptake Experiments. P-cells were incubated at a density of 2 x I04 cells/ml in medium C. Ten-ml aliquots of cell cultures were incubated in 50-ml Erlenmeyer flasks at 26°C with orbital agitation (100 rpm). At the zero time, labeled amino acids
Ci/mol], obtained from Amersham, England) were added to the cultures (0.3 uM/ml of medium). Three 0.5-ml aliquots were taken 2, 5, and 8 min later and diluted in an ice-cold saline osmoticum (0.3 M KCI, 5 mm CaC12, 1 mM morpholinoethanesulfonic acid buffer, pH 5.8). Cells were collected by filtration through GFC Whatman filters, which were dried and counted. TCA (10%) precipitable counts were also measured in the same experiments after 30, 60, and 120 min of incubation.
Incubation with Labeled NAA and Extraction of Amino Acid-NAA Conjugates. The chemical synthesis of NAA conjugates with L-aspartic acid, L-glutamic acid, and L-alanine has been also previously described (2) . These compounds were used as standards in chromatography experiments.
RESULTS
Influence of NAA Concentration on Amino Acid Toxicity. Under low density growth conditions P-cells were found to be highly sensitive to low concentrations of amino acids. For instance, in medium C2 containing 0.05 Mm NAA, two-thirds of the amino acids tested individually were toxic at concentrations above 1OMm, especially valine, threonine, histidine, isoleucine, alanine, methionine, and aromatic amino acids (Table I) . When a similar experiment was performed in the presence of 1 AiM NAA in culture medium C2, we found that the cytotoxicities of most of the tested amino acids remained unchanged as shown for tryptophan and cysteine; whereas, it was decreased to a significant extent for others (Table I ; Fig. 1 ). Decreased toxicity was clearcut for alanine and proline (Fig. 2) . Although less obvious, it was also reproducibly observed for other amino acids such as aspartic acid and valine (Fig. 2) . For instance, in the presence of valine, in the experiment presented, significance test of the differences of plating efficiencies for 0.05 and 1 FM NAA were calculated using Student t distribution; the confidence limits were 95% for 1 uM valine and 99% for 2 Mm valine. Similar results were obtained for five other experiments using L-valine. In no case did an increase in NAA concentration result in increased cytotoxicity of an amino acid. The relationship between alanine cytotoxicity and NAA concentration was studied in another series of experiments, which showed that optimal limitation of alanine toxicity was observed for NAA concentrations between 0.5 and 1 gM NAA (Fig. 3) .
No close relationship in terms of biosynthetic pathways can be made among amino acids which showed reduced cytotoxicity in the presence of high NAA concentrations.
Effects of NAA on Primary Steps of Nitrogen Metabolism. The cytotoxicity experiments presented here were performed on medium C2 containing nitrate as the sole nitrogen source. Previous studies on suspension cultures suggested that amino acid cytotoxicity could be related to the repression of NR (3, 14) . The following observations indicate that the primary steps of nitrate assimilation are not affected by NAA, and are not involved in the relationship between amino acid cytotoxicity and NAA. First, when NR activity was measured in vivo, in the presence of (Figs. 3 and 4) . Last, glutamine could prevent the cytotox- icity of many amino acids under low density growth conditions, independently ofthe mineral nitrogen source ofthe medium and of the group of amino acids tested (cytotoxicity affected by NAA or not) (Fig. 5 ). This effect of glutamine does not depend on the NAA concentration of the medium (results not shown). The glutamine effect on amino acid toxicity suggests that some step of ammonium assimilation might be involved in the expression of amino acid toxicity.
Influence of Auxin Concentration on the Uptake of Exogenously Supplied Amino Acids. A possible explanation for the reduced cytotoxicity of some, but not all of the amino acids, in the presence of NAA is a selective modification of the rate of amino acid uptake (25) . The rates of uptake by P-cells of 14C-labeled alanine, proline, threonine, and phenylalanine were compared at low and high NAA amino acid uptake, but this was observed for members of both groups of amino acids, regardless of the effect of NAA on their cytotoxicity, as shown for alanine and threonine (Fig. 6) Table I ). If amino acid-NAA conjugate biosynthesis was regarded as a detoxification process, the synthesized molecules should be devoid of toxicity. This has been demonstrated for NAA-alanine as well as for NAA-aspartate which are not toxic under low density growth conditions for concentrations as high as 100 Mm (10). (Fig. 7) . Conversely, when cells were incubated with '4C uniformly labeled alanine together with high or low NAA concentrations and submitted to the same type of analysis, again no evidence for the presence of NAA-alanine was found, whereas, an appreciable amount of label in the position of NAA-aspartate was detectable, probably resulting from the rapid intracellular interconversion of these amino acids (results not shown). That conjugation processes are not involved in altered amino acid cytotoxicities is also supported by the observation that high picloram concentrations (0.15-0.5 gM) are able to protect cells from being killed by alanine, in a manner similar to NAA (Fig.  8) . Previous observations have shown that, in contrast to NAA, picloram is poorly conjugated by tobacco mesophyll protoplasts (10) . Auxin-Resistant Mutant Clone. The mutant clone 36, derived from the Xanthi cultivar used in this study, shows an altered response to NAA under low density growth conditions (21) . A 5-fold increase in NAA concentration was found to be required to induce cell proliferation to an extent comparable to wild type cells. This modification is under the control of a dominant mutation and is transmissible to the progeny along with the inability to root (manuscript in preparation). Experiments performed with mutant 36 cells cultured under low density growth conditions showed that NAA did not interfere significantly with the expression of amino acid toxicity (Fig. 9) .
DISCUSSION
Studies on amino acid toxicity in tissue culture have generally been performed on tissue fragments (23), callus cultures (24) , and suspension cultures (3, 14, 15) . The low cell density growth technique offers two main advantages over these previous approaches. Since the amount of living material introduced into the culture medium is very small, it minimizes the modification of the culture medium by the cells at least during the 1st week of the experiment. Probably because the starting material, i.e. mesophyll protoplasts, is homogeneous, the accuracy and reproducibility of toxicity determinations are very high and allow the detection of minor changes in plating efficiencies.
The interference of NAA with amino acid cytotoxicity was studied at low density. Similar experiments performed at a density of I04 cells/ml have shown that high NAA concentrations could prevent alanine toxicity under high density growth conditions, although higher alanine and NAA concentrations (100 and 5 AM, respectively) had to be used to observe these interactions.
These experiments were rather tedious to perform at high densities since they required serial countings of colony development under the microscope, and since they had to be performed during short periods of time due to the rapid decrease of NAA concentration in the culture medium promoted by the conjugation processes taking place in the cells (10) . These observations allowed us, however, to perform biochemical studies under high density growth conditions, which generally required large amounts of cells.
In this study, we have shown that auxin reduces amino acid uptake by P-cells as already described for serine (25) , and amino acid incorporation into protein. Previous work in our laboratory on auxin metabolism described the synthesis of NAA-L-aspartic acid by tobacco protoplasts (10 There is probably no general explanation for the basis ofamino acid toxicity under low density growth conditions. Previous work in our laboratory on valine toxicity has shown that this amino acid was mainly interfering with the biosynthesis of a related amino acid, isoleucine (5) . Two amino acids, lysine and threonine, jointly interfered with methionine biosynthesis (6) . We therefore presume that single amino acids exhibit toxicities through unrelated mechanisms. The observation that glutamine could prevent the toxicities of many of these amino acids is not contradictory with this hypothesis, since glutamine is the starting point for biosynthesis of all nitrogen-containing molecules in the cells. A general increase ofthe metabolism ofnitrogen-containing molecules promoted by glutamine is etpected to reduce the toxicity of many amino acids, ifthey prevent growth by reducing the biosynthesis of other molecules, as is apparently the case for valine and alanine. Correlated with this, is the assumption that when supplied with ammonium as the sole nitrogen source, cells do not synthetize enough glutamine to prevent amino acid toxicity. The requirement of an organic acid in the culture medium for an efficient ammonium assimilation (4, 16) suggests that the availability of a-ketoglutaric acid may limit ammonium assimilation. Work is under progress to characterize the interactions between auxin and the supply oforganic acids for glutamine biosynthesis.
